In order to avoid chlorine evolution on the anode in hot seawater electrolysis, the oxygen evolution anodes were tailored. À2 . In the outside of this range, generally because of lower deposition efficiency, the electrode surface was not completely covered with anodically deposited oxides with a consequent lower oxygen evolution efficiency.
Introduction
For prevention of global warming and for supply of abundant energy we are proposing global carbon dioxide recycling. [1] [2] [3] [4] [5] [6] [7] Global carbon dioxide recycling consists of power generation by solar cell on deserts, hydrogen production by seawater electrolysis at nearby desert coasts, and methane production by the reaction of hydrogen with carbon dioxide at the desert coasts. Because fresh water is not available at desert coasts, one of the key processes is seawater electrolysis by which we should produce hydrogen and oxygen on the cathode and the anode, respectively. However, seawater electrolysis is practically carried out for chlorine production. Although the equilibrium potential of oxygen evolution is slightly lower than that of chlorine evolution, the chlorine evolution is a simpler reaction than the oxygen evolution, and hence the formation of chlorine on the anode is generally unavoidable in seawater electrolysis. Nevertheless, for a large-scale seawater electrolysis at desert coasts for prevention of global warming, environmentally harmful chlorine release is not allowed. Therefore, the preparation of new anode materials producing only oxygen without chlorine by seawater electrolysis is one of the most important but difficult subjects for success of global carbon dioxide recycling.
Hashimoto and his co-workers have developed many efficient anodes. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] These anode materials were prepared by thermal decomposition and anodic deposition. The effects of various additives were examined with thermal decomposition methods, [8] [9] [10] and the enhancement of the oxygen evolution efficiency was found by additions of molybdenum, tungsten and some other elements. Thermal decomposition of manganese salts on an IrO 2 -coated titanium (IrO 2 /Ti) substrate always gave rise to the formation of -Mn 2 O 3 -type phase regardless of additives. Because of oxidation of Mn 3þ to Mn 4þ during electrolysis of seawater, -Mn 2 O 3 was not stable in addition to insufficient oxygen evolution efficiency. 9, 10) Based on these experiments anodic deposition was achieved to form -MnO 2 -type oxides containing effective additives on the IrO 2 /Ti substrate. [11] [12] [13] [14] [15] [16] [17] [18] Manganese-molybdenum double oxide anodes, Mn 1Àx Mo x O 2þx , showed the 100% oxygen evolution efficiency in the electrolysis of 0.5 kmol m À3 NaCl at 1000 Am À2 and 303 K. It is desirable for improvement of the energy efficiency to electrolyze seawater at higher temperatures. However, temperature increase resulted in a pink or fine pale coloration of the solution due to anodic dissolution of the manganesemolybdenum double oxide anodes in the form of permanganate and molybdate ions during seawater electrolysis.
In a previous work, 18) we tried to add Fe 3þ to the manganese-molybdenum double oxide anodes for improvement of stability at higher temperatures. Triple oxide Mn 1ÀxÀy Mo x Fe y O 2þxÀ0:5y /IrO 2 /Ti anodes prepared by anodic deposition from MnSO 4 -Na 2 MoO 4 -Fe(NH 4 )(SO 4 ) 2 solutions showed the 100% oxygen evolution efficiency in a wide temperature range of 303-363 K during seawater electrolysis of 0.5 kmol m À3 NaCl at pH 12 and 1000 Am À2 . The present work aims to establish optimal deposition conditions for the formation of Mn 1ÀxÀy Mo x Fe y O 2þxÀ0:5y / IrO 2 /Ti anodes which evolve only oxygen in seawater electrolysis at higher temperatures. For attaining the 100% oxygen evolution efficiency in seawater electrolysis, attention was paid to pH, temperature, and concentrations of molybdenum, iron and manganese in the deposition electrolyte in addition to the current density of anodic deposition.
Experimental

Substrate preparation
Expanded titanium of 100 mm Â 50 mm Â 1 mm in dimension was immersed in an 0.5 kmol m À3 HF solution for 300 s for removal of thick oxide, and then rinsed with deionized water. To guarantee the anchor effect for the electrocatalysts by surface roughening of these electrodes, the expanded titanium was immersed in 12 kmol m À3 H 2 SO 4 at 353 K until hydrogen evolution was ceased or decreased due to the coverage of the surface with titanium sulfate. Titanium sulfate on the titanium surface was removed by washing by flowing tap water for about 3600 s. The expanded titanium was coated with IrO 2 as an intermediate layer. The presence of IrO 2 layer is required to prevent the formation of insulating titanium oxide between the electrocatalytically active substances and the titanium substrate during electrolysis at high current densities for a long time. The IrO 2 coating was carried out as described in detail elsewhere.
8 In the previous study for examination of the effect of iron addition, 18) we found that the optimum concentration of Fe 3þ ion in the deposition electrolyte was 0.1 kmol m À3 . The pH of the solution was adjusted by adding 18 kmol m À3 H 2 SO 4 . A cell with separation of anode and cathode compartments was used for anodic deposition. An anode compartment was a cylindrical alumina diaphragm and a cathode was a pair of type 316 stainless steel sheets set on the outside of the diaphragm in the cell. The IrO 2 /Ti electrode was put in the diaphragm on a parallel with the stainless steel sheets. Anodic deposition was carried out on the IrO 2 /Ti electrodes in stirred solutions mostly at 363 K and a constant current density of 600 Am À2 for 3600 s. 18) For estimation of current efficiency the weight of deposits was measured by a microbalance.
Electrode performance
In practical seawater electrolysis, anode and cathode compartments are separated for hydrogen production and oxygen release. In general, after hydrogen production the catholyte, which becomes strongly alkaline, is supplied to the anode compartment and after neutralization by oxygen evolution, the used seawater is returned. Thus, 0.5 kmol m
À3
NaCl at pH 12 was used for examination of the oxygen evolution efficiency. The electrolysis was carried out at a constant current density of 1000 Am À2 that is generally used in practical electrolysis.
The amount of oxygen evolved was determined as the difference between the total charge passed and the charge for chlorine formation during electrolysis. The following method for chlorine analysis has been developed for the determination of the chlorine evolution efficiency of the anodes for production of chlorine in seawater electrolysis. 19) In order to avoid reduction of sodium hypochlorite and chlorine formed on the anode, the cathode used for the measurement of the oxygen evolution efficiency was a thin platinum wire of 0.25 mm in diameter. The electrolysis was conducted in 3 Â 10 À4 m 3 of 0.5 kmol m À3 NaCl solution at 353 K with stirring until the amount of charge of 300 coulombs, that is, 10 6 coulombs m À3 was passed. In order to determine the amount of chlorine formed with a high accuracy, the ratio of the volume of the solution to the nominal anode surface area should be larger than 0.3 m 3 m À2 . In the present study, this ratio was about 1.7 m 3 m À2 . The amount of chlorine formed was measured by iodometric titration of chlorine and hypochlorite. Both chlorine and hypochlorite liberate iodine from added potassium iodide. The liberated iodine was titrated with 0.01 kmol m À3 Na 2 S 2 O 3 . The accuracy of chlorine analysis by the iodometric titration is significantly high. During electrolysis, chlorine formed is converted to sodium hypochlorite as follows:
The iodometric titration can detect both Cl 2 and NaClO in the electrolyte. In the present experiment, chlorine released without being detected was surprisingly low. When the iridium oxide electrode was used, the chlorine evolution efficiency was 80% and about 300 mg of chlorine in 3 Â 10 À4 m 3 of 0.5 kmol m À3 NaCl solution was formed in the electrolysis of 300 coulombs, but gaseous chlorine released from the electrolyte could not be detected by the iodostarch color reaction, the detectable limit in this experiment being 0.03 mg of gaseous chlorine. In addition, reduction of chlorine on the thin platinum wire cathode was negligibly small in the present experiment, because the 95% chlorine evolution efficiency was detected by this procedure in the study for tailoring the chlorine evolution anodes. 19) The activity of the deposited oxide anodes for oxygen evolution was examined by galvanostatic anodic polarization in 0.5 kmol m À3 NaCl at 353 K and pH 12. A platinum gauze and a silver/silver chloride were used as counter and reference electrodes, respectively.
Electrode characterization
Anodically deposited oxide electrodes were identified by Rigaku X-ray diffraction using Cu K radiation by an -2 mode at a glancing angle of 10
. The -2 mode X-ray diffraction is effective for identification of thin substances covering a crystalline substrate. X-ray photoelectron spectroscopy (XPS) by means of a Shimadzu ESCA 850 photoelectron spectrometer with Mg K (hv ¼ 1253:6 eV) excitation was employed for the surface analysis of anodically deposited oxides. The oxidized state of the elements was determined from the binding energies of electrons. The binding energies of the photoelectrons were calibrated by a method described elsewhere. 20, 21) The binding energies of the Au 4f 7=2 and 4f 5=2 electrons of pure gold and the Cu 2p 3=2 electrons of pure copper were taken as 84.07, 87.74 and 932.53 eV, respectively, and the kinetic energy of Cu L 3 M 4;5 M 4;5 Auger electrons of pure copper as 918.65 eV.
Composition of the anodically deposited oxide layers was analyzed by means of Shimadzu EPMA-C1 electron probe micro analyzer (EPMA).
Results and Discussion
Effect of pH
The pH of the electrolyte for anodic deposition is one of the most important factors since the anodic oxide composition is pH dependent, and hence pH affects the electrode performance and stability. Figure 1 shows cationic composition of the oxide film as a function of pH of deposition electrolyte. Increasing pH results in increases in molybdenum and iron contents and a decrease in manganese content of the deposits. This composition change leads to an increase in the oxygen evolution efficiency up to 100% as shown in Fig. 2 . The 100% oxygen evolution efficiency is attained at higher pH examined. Figure 3 shows X-ray diffraction patterns of electrodes whose compositions are shown in Fig. 1 . The X-ray diffraction patterns reveal the formation of -MnO 2 -type oxide and no other oxides of iron and molybdenum were observed. For the electrodes prepared at higher and lower pH examined, reflections of substrate IrO 2 and Ti are strong, suggesting the formation of thinner oxides due to lower deposition efficiencies. If the deposited oxide is thin, chlorine evolution is apt to occur on the IrO 2 surface which is not completely covered with the deposits. Thus, the suitable pH for obtaining the 100% oxygen evolution efficiency should be 0.33-0.5. Figure 4 shows examples of the Mn 2p 3=2 , Mn 3s, Mo 3d measured at 303 K were slightly different with oxide composition, when the temperature of the electrolysis is higher such as 353 K, no significant change in the polarization curve with pH of deposition electrolyte is observed except at pH 0, where chlorine evolution occurs together with oxygen evolution as shown in Fig. 2 . Although the composition of the electrodes changes with pH, the activity of the deposits with the 100% oxygen evolution efficiency at high temperatures was not changed within the suitable pH range of the deposition electrolyte.
Effect of molybdenum
The addition of Mo 6þ to the MnO 2 was quite effective in enhancing the oxygen evolution efficiency. 13 ,17) Figure 6 shows change in cationic composition of the deposits as a function of Mo 6þ concentration in the deposition electrolyte. Increasing molybdenum concentration results in an increase in the molybdenum content and decreases in manganese and iron contents of the deposits. As shown in Fig. 7 , this composition change leads to an increase in the oxygen evolution efficiency up to 100% but the excess amount of molybdenum is detrimental. Table 1 shows the effect of molybdenum concentration in the deposition electrolytes on the composition and thickness of deposits and the current efficiency of anodic deposition. The thickness of deposits was estimated from the weight of deposits assuming the formation of MnO 2 , the density of which is 5.18 Mgm À3 . The amount of Mn 4þ deposited from Mn 2þ solution was estimated from the weight and composition of deposit and used for the estimation of the current efficiency of anodic deposition since other cations in the deposits were in the same valance states as those in the deposition electrolyte. Increasing molybdenum concentration in the deposition electrolyte results in decreases in current efficiency and thickness of deposit. X-ray diffraction patterns shown in Fig. 8 give the supplement information. Only the reflections of -MnO 2 -type oxide are identified for the deposits but the reflections of substrate IrO 2 and Ti are significantly strong for the deposit prepared in the solution with 0.05 kmol m À3 MoO 4 2À . Thus, the addition of molybdenum to the deposition electrolyte is necessary for the 100% oxygen evolution efficiency but the excess addition is detrimental, because of a decrease in the deposition efficiency with a consequent insufficient coverage. Consequently, the concentration of MoO 4 2À in the solution for anodic deposition should be around 0.003 kmol m À3 for the 100% oxygen evolution efficiency.
As shown in Fig. 5 the change in the molybdenum content of the deposits due to the change in pH of the solution for anodic deposition does not affect the polarization curves, that is, the activity of the electrode for oxygen evolution. Similarly, the change in the composition of the deposits due to the change in the molybdenum concentration in the solution for anodic deposition at fixed pH of 0.5 did not change the activity of the electrode for oxygen evolution.
Effect of manganese
In anodically deposited anodes for oxygen evolution, manganese is the main component. Hence, the effect of the concentration of Mn 2þ in the deposition electrolyte on the anode performance was examined. Figure 9 shows change in cationic composition in the deposits as a function of Mn 2þ concentration in deposition electrolyte. Increasing manganese concentration results in a decrease in iron content of the oxide deposits. As shown in Table 2 , increasing manganese concentration of deposition electrolyte increases the current efficiency and thereby the deposit thickness. Figure 10 shows the oxygen evolution efficiency with manganese concentration in the deposition electrolyte. When the manganese concentration in the deposition electrolyte is low, the manganese content and thickness of deposit become low and the oxygen evolution efficiency does not attain to 100%. X-ray diffraction patterns shown in Fig. 11 supports this fact. When the concentration of manganese in the deposition electrolyte is not sufficiently high, the reflections of Ti and IrO 2 substrate are strong, while the reflections of the deposits are very week. Consequently, when the concentration of manganese in the deposit is insufficient, the deposits are thin or the IrO 2 substrate is not completely covered with the deposits, and hence chlorine evolution occurs in the electrolysis of 0.5 kmol m À3 NaCl. Therefore, for the complete coverage of the IrO 2 substrate with the deposits, the majority of cations should be manganese and the deposition solution with 0.2 kmol m À3 or more Mn 2þ is adequate. Figure 12 shows the cationic composition of the oxide film, as a function of temperature of deposition electrolyte. Increasing deposition temperature results in increases in molybdenum and iron contents and a decrease in manganese Fe(NH 4 )(SO 4 ) 2 solutions at 363 K and 600 Am À2 for 3600 sec as a function of manganese concentration of anodic deposition electrolyte. content of the deposits. As shown in Table 3 , an increase in deposition temperature results in increases in the current efficiency and deposit thickness. This change leads to an increase in the oxygen evolution efficiency up to 100% for the oxides deposited at 363 K as shown in Fig. 13 . Moreover, oxygen evolution during anodic deposition became violent with increasing solution temperature. Thus when the solution temperature for anodic deposition is raised, the deposits become denser and more adhesive. Figure 14 shows X-ray diffraction patterns of deposits formed at different anodic deposition temperatures. When the anodic deposition was carried out at lower temperatures such as less than 363 K, the reflections of the substrate IrO 2 and Ti are very strong due to the incomplete surface coverage or the porosity of the deposits, which is responsible for chlorine evolution. By contrast, at a higher temperature around 363 K, no substrate reflections are observed, and the oxygen evolution efficiency is 100%, suggesting complete coverage of the surface with adhesive deposit. Consequently, the anodic deposition should be accomplished at 363 K. 3.5 Effect of anodic deposition current Figure 15 shows the cationic composition of the oxide film as a function of anodic deposition current. With increasing deposition current, the manganese content shows a maximum, while the molybdenum content shows a minimum. The iron content is high at higher current densities. As shown in Fig. 16 at the anodic current of 600 Am À2 , the 100% oxygen evolution efficiency is attained in the electrolysis of 0.5 kmol m À3 NaCl at 353 K and pH 12. The change in Xray diffraction patterns of deposits with anodic deposition current is shown in Fig. 17 . Weak reflections of the substrate IrO 2 and Ti were observed in the range less or more than 600 Am À2 . At lower current densities, deposition for 3600 s was insufficient for complete coverage of the substrate with the deposits. However, at very high current densities, because of violent oxygen evolution, the coverage of the substrate IrO 2 with the deposits was again insufficient, and hence the oxygen evolution efficiency cannot be 100%.
Effect of anodic deposition temperature
Conclusions
For the anodes with the 100% oxygen evolution efficiency without chlorine evolution even in electrolysis of hot seawater, the optimum conditions for preparation of MnMo-Fe oxide anodes by anodic deposition from MnSO 4 -Na 2 MoO 4 -Fe(NH 4 )(SO 4 ) 2 solutions were examined. The anodic deposition was performed on IrO 2 -coated expanded titanium substrates in a cell with separation of anode and cathode compartments. The anode performance was examined in 0.5 kmol m À3 NaCl at pH 12, 353 K and a current density of 1000 Am À2 . The following conclusions were drawn. (1) The deposits were identified as a nanocrystalline - was necessary for the 100% oxygen evolution efficiency. (5) An increase in temperature of the deposition electrolytes led to an increase in the deposition and oxygen evolution efficiencies. For the 100% oxygen evolution efficiency deposition should be carried out at 363 K. (6) At fixed deposition time of 3600 s, sufficiently thick deposits were not formed at lower current densities, and 600 Am À2 was suitable for the 100% oxygen evolution efficiency. At further higher current densities, violent oxygen evolution during deposition prevents the sufficient growth of the deposits with a consequent lower oxygen evolution efficiency. 
